ABSTRACT: Crystallization from lipidic mesophase matrices is a promising route to diffraction-quality crystals and structures of membrane proteins. The microfluidic approach reported here eliminates two bottlenecks of the standard mesophase-based crystallization protocols: (i) manual preparation of viscous mesophases and (ii) manual harvesting of often small and fragile protein crystals. In the approach reported here, protein-loaded mesophases are formulated in an X-ray transparent microfluidic chip using only 60 nL of the protein solution per crystallization trial. The X-ray transparency of the chip enables diffraction data collection from multiple crystals residing in microfluidic wells, eliminating the normally required manual harvesting and mounting of individual crystals. We validated our approach by on-chip crystallization of photosynthetic reaction center, a membrane protein from Rhodobacter sphaeroides, followed by solving its structure to a resolution of 2.5 Å using X-ray diffraction data collected on-chip under ambient conditions. A moderate conformational change in hydrophilic chains of the protein was observed when comparing the on-chip, room temperature structure with known structures for which data were acquired under cryogenic conditions.
I
ntegral membrane proteins are of paramount importance in the regulation of physiological processes in the cell, and consequentially, they account for over 60% of all drug targets known to date. 1 However, crystal structures of membrane proteins, the primary source for atomic-level information on their functional mechanisms, are only scarcely available compared to soluble proteins. This disparity originates in part in the inherent amphiphilicity of membrane proteins that limits their solubility and stability in aqueous solutions even in the presence of solubilizing detergents, leading to a very low success rate of crystallization efforts.
A powerful alternative to crystallization from solutions has emerged in recent years where membrane proteins are crystallized from lipidic cubic phases (LCP), 2 leading to structural determination of several important proteins from the GPCR family. 3 In the LCP method, membrane proteins are embedded in a lipidic mesophase matrix that mimics a native lipid bilayer environment throughout the crystallization process. 2 The mesophases form spontaneously when aqueous solutions are mixed with certain lipids, typically of the monoacylglycerol family, 4 to form different bilayer phases. 5 As in other protein crystallization approaches, the success of the LCP method relies on screening a large number of crystallization conditions, 2,6 which is difficult due to the high viscosity and stickiness of lipidic mesophases and requires specialized tools that make handling many samples cumbersome.
2,7 Automated screening approaches and novel crystallization protocols alleviate some of these problems, 7,8 but harvesting of protein crystals from mesophases is still performed manually. Harvested crystals are cooled in liquid nitrogen and maintained under cryogenic conditions to prevent radiation damage and dehydration during data collection. 7 The typically small size, 2−70 μm, 6 of membrane protein crystals makes this procedure highly challenging. The damage caused to the delicate crystals in this step may severely compromise the quality of resulting structures.
Numerous examples of microfluidic technologies that automate fluid metering and drastically reduce sample consumption have been demonstrated for protein crystallization from solutions. 9 Furthermore, a number of X-ray transparent microfluidic devices that eliminate manual crystal handling are available. 10 In contrast, only two microfluidic platforms have been reported for LCP crystallization.
11 Both platforms rely on complex operation strategies and have a number of limitations due to the difficulties of manipulating viscoelastic materials in microscale compartments.
Microfluidic Chip for LCP Crystallization. Here we present a microfluidic chip that combines LCP crystallization capabilities with X-ray transparency in a simple design that only requires a vacuum pump to introduce reagents. In the 12-well chip ( Figure 1A ), each well relies on diffusion to mix 60 nL of protein solution, 10.5 nL of dry lipid for mesophase formulation, and 244 nL of precipitant solution to induce crystallization. The protein solution is layered on top of the lipid (Figure 2A,B) , signif icantly reducing the dif f usional path and, consequently, the mixing time compared to the traditional side-byside placement of microf luidic compartments.
10g,k,12 The chip screens two crystallization conditions in parallel and can be easily modified for more extensive screening.
For X-ray transparency, the chip is assembled from four polymeric layers with a combined thickness of only ∼200 μm.
10k Fluid manipulation in the chip relies on channels and compartments patterned in two layers of elastomeric polydimethylsiloxane (PDMS) ( Figure 1B Crystal Growth & Design detail on the fabrication procedure is provided in the Supporting Information (Figures S1−S3) .
On-Chip Crystallization Protocol. The on-chip crystallization protocol follows the recently introduced LCP crystallization variant. 13 First, an auxiliary microfluidic assembly is used to fill designated compartments of the bottom COC substrate with lipid ( Figure S2 , Supporting Information). The auxiliary microfluidic chip is then removed, and the 3-layer assembly is placed on the bottom COC substrate prefilled with lipid ( Figure 2A) . Through a single inlet ( Figure 1A) , the protein solution is introduced into the 12 crystallization wells and is thus brought in contact with the lipid (Figure 2B,C) . In the crystallization compartment only the area above the lipid, the mesophase chamber ( Figure 1B) , is filled. Filling of the rest of the crystallization well with protein solution is prevented by a capillary valve geometry 14 (obtained by appropriate choice of channel dimensions and wall angles) between the mesophase and the precipitant chambers ( Figure 1B) . Incubation of the protein solution with the lipid results in spontaneous formation of the protein-enriched mesophase 13, 15 ( Figure 2C ). After several hours, precipitant solution is introduced, with the mesophase staying in place due to its high viscosity 16 ( Figure  2D ). Under favorable conditions, incubation of the precipitant with the protein-enriched mesophase results in crystal formation in the mesophase ( Figure 2E,I ).
Validation of On-Chip Crystallization and X-ray Diffraction Data Collection. We validated our approach by crystallizing photosynthetic reaction center (RC), a membrane protein from Rhodobacter sphaeroides, using previously reported crystallization conditions 13 to obtain crystals of up to 80 μm in size ( Figure 2I ). We collected X-ray diffraction data at room temperature (RT) from crystals in the chips ("on-chip") and solved the crystal structure of RC to a resolution of 2.5 Å (Table S1 , Supporting Information). The chips were mounted directly, without modification, on the goniometer at beamline 21-ID-F at the Advanced Photon Source (APS), Argonne National Lab (ANL) ( Figure 3A) . Diffraction data from the crystals were easily resolved ( Figure 3C ), despite background scattering from chip materials ( Figure S4 , Supporting Information). The excellent optical properties of the chips facilitated crystal targeting during data collection ( Figure 3A,B) . In contrast, crystals grown in parallel using the classical LCP method in microplates (see Supporting Information) were difficult to locate in standard loop mounts because of the opacity of the mesophase ( Figure S5 , Supporting Information). 6, 17 Following our previously developed on-chip data collection strategy, 10k,12d small wedges of data from multiple crystals were collected and merged into a single data set for building electron density maps. The ease of growing and analyzing multiple (tens to hundreds) isomorphous crystals in a single chip enables data collection under ambient conditions with minimal radiation damage effects. In contrast, traditional crystallographic protocols rely on the harvesting and mounting of a single crystal at a time, followed by the analysis of that crystal under cryogenic conditions to minimize radiation damage. 18 The challenges associated with this one-at-a-time manual protocol render analysis of multiple LCP-grown crystals at ambient conditions impractical.
Although RC crystallization conditions likely produce a sponge phase rather than a true LCP, 19 the term "LCP crystallization of proteins" is commonly used regardless of the exact mesophase type formed under specific crystallization conditions and is also adopted throughout this communication.
On-Chip RC Crystal Structure. The structure determined from on-chip data (Table S1 , Supporting Information) agreed well with previously published structures of LCP-crystallized RC obtained using the traditional crystallization and data collection approach (PDB ID: 2GNU 20 and 1OGV 21 ). The merged data set for our structure was complete (Table S1 , Supporting Information), indicating that on-chip crystals were oriented randomly. Our RC structure was isomorphous with the structures reported previously 20, 21 and had comparable structural statistics, refinement parameters, and final structural resolution. Values for R sym and I/σ for the on-chip structure were typical of good diffraction data.
We also observed several important differences between cryogenic structures of RC 20, 21 and our RT structure. First, the lattice parameters of our RC structure were up to 1.8% larger than those reported previously, indicating unit cell contraction upon flash cooling. Second, the mosaicity (long-range order) of crystals analyzed on-chip was nearly an order of magnitude lower (better order) compared to other high-resolution RC structures crystallized in LCP. 20, 21 The higher mosaicity (poorer order) is typically related to the unit cell contraction caused by flash-cooling to cryogenic temperatures. 22 The availability of low-mosaicity crystals and noncryogenic data collection facilitated by the on-chip approach reported here may be highly beneficial for time-resolved protein crystallography. 23 Root mean square deviation (rmsd) comparisons revealed noticeable nonuniformly distributed deviations in the positions of backbone alpha-carbons in our RC structure compared to both available cryo-structures 20, 21 ( Figure 3D and Table S2 , Supporting Information). The greatest deviations were located along the hydrophilic chains at the periplasmic and cytosolic sides of the protein (rmsd = 0.45 Å; Table S2 , Supporting Information) and were as large as 2 Å at residues 268−271 of the L-subunit ( Figures 3D and S6, Supporting Information) . The hydrophobic chains embedded within the lipid bilayer showed a significantly smaller deviation (rmsd = 0.28 Å; Table  S2 , Supporting Information). Conversely, the rmsd values for superimposed cryogenic RC structures did not exceed 0.23 Å anywhere (Table S2 , Supporting Information). The overall rmsd of 0.36−0.37 Å between the RT and the cryogenic structures was in the range reported for independent structure determinations of an identical protein 25 (Table S1 , Supporting Information).
For soluble proteins, cryo-cooling has been shown to affect mechanistically relevant side-chain conformations and, in extreme cases, backbone conformations.
22 Similar analyses for LCP-crystallized membrane proteins are largely unavailable because of the difficulties of obtaining RT crystal structures that require screening of a larger number of crystals, as highlighted in the impressive recent studies of human membrane proteins under noncryogenic conditions. 26 While the transmembrane chains of the proteins are likely to be constrained by the membrane-like LCP environment, hydrophilic segments may undergo significant conformational changes upon flash-cooling, as also observed by Liu et al. 26a These changes may be of importance for mechanistic studies and for protein docking, and the analysis of LCP-grown crystals under near-physiological temperatures, as enabled by our on-chip approach, may provide new insights into these phenomena.
In summary, we demonstrated the first X-ray transparent microfluidic chip for LCP crystallization of membrane proteins and subsequent on-chip X-ray diffraction data collection of multiple crystals on a single chip at room temperature for protein structure determination. We validated our approach by crystallizing a membrane protein and photosynthetic reaction center and solving its structure to a resolution of 2.5 Å. The chip automates metering and sample formulation, eliminates manual mesophase handling, and reduces the amount of sample per trial ∼7-fold compared to similar macroscale protocols, 13, 15 and ∼3-fold compared to standard protocols with premixed mesophase.
2, 3 In situ X-ray data collection on multiple crystals obviates cumbersome manual harvesting of fragile protein crystals. These features make our chips a valuable tool for the analysis of membrane proteins by providing a facile route to crystal structures and potentially to time-resolved studies of LCP-embedded proteins. For example, our on-chip analysis of RC revealed conformational flexibility in its hydrophilic chains at RT.
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